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Abstract. The purpose of this study was to determine
whether prediction of the 3D temperature profile for super-
ficial hyperthermia using constant blood perfusion model
could be matched to one with a temperature dependent blood
perfusion. We compared three different constant blood per-
fusion scenarios with one temperature dependent blood per-
fusion using a layered model of biological tissue consisting
of skin (2 mm), fat (10 mm) and muscle (108 mm). For
all four scenarios the maximum temperature of 43 oC was
found in the muscle tissue in the close proximity (1 – 3 mm)
of fat layer. Cumulative histograms of temperature versus
volume were identical for the region of 100x100x40 mm3
under the applicator aperture for the three constant blood
perfusion models. For temperature dependent blood perfu-
sion model, 85 % of the studied region was covered with
the temperature equal or higher than 40 oC in comparison
with 43 % for the constant blood perfusion models. Hence
this study demonstrates that constant blood perfusion sce-
narios cannot be matched to one with a temperature depen-
dent blood perfusion.
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1. Introduction
Superficial hyperthermia is a therapeutic application
of heat to treat cancer diseases at the surface of human
body. Several clinical trials have shown the benefit of
adding hyperthermia to the radiotherapy treatment, espe-
cially for the recurrent diseases where proper radiotherapy
dose could not be reached due to the previous radiation [1] -
[5]. The temperatures during the hyperthermia treatment
are measured inside interstitial catheters (if possible) and
at the body surface. Conformal thermal monitoring sen-
sor array sheet can be used for the accurate surface tem-
perature monitoring during the entire treatment [6]. Power
generators controlled with respect to actual temperature in
treated region are turned off in case the maximal tempera-
ture in healthy tissue exceeds 43 – 44 oC or patient com-
plaints. Since the invasive number of thermometry sites is
in general very limited (1 – 4 probes with several measure-
ments points) and the surface measurements are influenced
by the water bolus temperature, patient specific 3D SAR
(specific absorption rate) and temperature prediction become
of great importance. Such models provide us with detailed
information about the 3D SAR and temperature distribution
in the treated area and might help to minimize the presence
of hot-spots (area with high local temperature) in regions that
are not monitored by interstitial thermometry [7], [8].
Electromagnetic energy radiated from external anten-
nas (applicators) increases temperature in the treated area
to the therapeutic level of 40 – 43 oC. The applicators
usually work at frequencies of 434 MHz or 915 MHz
[9]. Lucite cone applicator (LCA) and contact flexible mi-
crostrip applicator (CFMA) are examples of 434 MHz ap-
plicators currently used in clinical practice [10]-[13]. Dual-
arm archimedean spiral array and dual concentric conductor
microstrip antenna represent planar applicators working at
915 MHz [14], [15]. Wieringen et al. developed also CFMA
operating at 70 MHz for the treatment of deeper situated tu-
mors [16].
To develop a process for hyperthermia treatment mod-
eling based on thermal dose, it is required to correctly trans-
form the 3D SAR distribution into 3D temperature distribu-
tion. A proper implementation of energy transport caused
by blood perfusion is essential to estimate the temperature
distribution. Therefore in this study we focused our atten-
tion especially on the necessity to consider blood perfusion
as a temperature dependent quantity. The heat transfer prob-
lem inside a biological tissue can be described using bioheat
equation (BHTE) which was first introduced by Pennes [17]:
c ρ
∂T
∂t
= k ∇2 T − cb W (T −Tb)+ρSAR (1)
where c (J kg−1K−1) represents specific heat capacity,
ρ (kg m−3) density, k (W m−1K−1) represents thermal con-
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ductivity, cb (J kg−1K−1) represents specific heat capacity
of blood, W (kg m−3s−1) blood perfusion rate and Tb (K)
temperature of the circulated blood. The absorbed energy
from the electromagnetic field simulation represented by
SAR (W kg−1) was used as a source for thermal calcula-
tions. Crezee et al. [18] showed the limitations of BHTE
predicting temperature profile in presence of large artificial
vessels.
Lang et al. [19] compared temperature dependent and
constant blood perfusion for regional hyperthermia. To
model temperature dependent blood perfusion, they used
special functions for fat, muscle and tumour which follow
in temperature range of 37 oC - 44 oC behaviors introduced
by Song et. al [20]. They found that temperature dependent
blood perfusion model predicts much larger amount of mus-
cle tissue heated above 40 oC. It was also shown that signifi-
cantly lower amount of power (340 W versus 430 W) was
needed for temperature dependent blood perfusion model
to achieve 3D temperature distribution limited by the maxi-
mum of 44 oC in healthy tissue.
Prediction of 3D temperature profile using tempera-
ture dependent blood perfusion is a highly nonlinear prob-
lem resulting in higher computation requirements than us-
age of constant blood perfusion. If constant blood perfusion
could be used for temperature prediction it may save compu-
tation time. Since the implementation of thermal dependent
blood perfusion models is not common among hyperthermia
treatment planning packages, this study provides informa-
tion about the necessity to implement such features. The pur-
pose of this study was to address following question: Can
we match prediction of 3D temperature profile for superfi-
cial hyperthermia using constant and temperature dependent
blood perfusion?
For the temperature dependent blood perfusion model
we tuned the applicator input power to reach a maximum
temperature of 43 oC inside the layered model of biologi-
cal tissue. Subsequently we recalculated the identical model
differing in constant blood perfusion and compared maxi-
mal temperatures with first scenario. As constant values for
blood perfusion we used tabled literature values (Tab. 1).
In the second step we tuned also input powers for constant
blood perfusion models to reach 43 oC and compared their
temperature distributions.
2. Materials and Methods
For this study we chose COMSOL Multiphysics [21]
as a simulation package considering coupling of electro-
magnetic field and thermal problems together with nonlin-
ear behavior for blood perfusion. To decrease computation
requirements we calculated the electromagnetic field and
the thermal simulations independently. A common electro-
magnetic field simulation stored in memory was used for all
thermal calculations. Variation of the input power to reach
the required values was done by scaling the SAR term within
BHTE. All thermal calculations were done for the steady
state situation where the whole process was in thermal equi-
librium.
2.1 3D Model
The applicator selected for this study was designed to
operate at 434 MHz and it was similar to that introduced by
Rhoon et al. [10]. The waveguide geometrical dimensions
(width 60 mm, height 30 mm, length 72 mm) were calculated
in order to excite single TE10 mode. To decrease the cut off
frequency and to reduce the geometrical dimensions the ap-
plicator was filled with deionized water. The feeding of
the applicator was provided by a λ4 (25 mm) monopole an-
tenna placed 15 mm from the back (short) side of the waveg-
uide. To achieve a more uniform distribution of the electro-
magnetic field inside the horn aperture, the two brass walls
parallel to the direction of the E-field were replaced by Lu-
cite (thickness 2 mm). The Lucite horn was chosen 75 mm
long with a final aperture of 100x100 mm2 (inner dimen-
sions) see Fig. 1.
Fig. 1. Model of Lucite applicator in COMSOL Multiphysics.
We used biological tissue model with similar geomet-
rical dimensions as considered the water bolus temperature
guideline by Gaag et al. [22]. The model consisted of skin
(2 mm), fat (10 mm) and muscle (108 mm) where the area
under the aperture was squared (300x300 mm2). We ex-
tended the thickness of skin layer over 1 mm to avoid pres-
ence of small grid elements necessary to describe thin lay-
ers in the finite element method (FEM) mesh. Between
the horn aperture and the surface of the layered tissue model
we placed a 180x180x20 mm3 water bolus with circulated
deionized water set to specified temperature (precise value
depends on the treatment target depths) [22], [23]. Dielec-
tric and thermal properties of biological tissues at frequency
of 434 MHz, for temperature of 37 oC respectively, are listed
in Tab. 1.
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Material εr σ ρ c k W
(−) ( Sm ) ( kgm3 ) ( Jkg K ) ( Wm K ) (
kg
m3 s )
Deionized
water 78 0.046 - - - -
Lucite 2.6 0.003 - - - -
Skin(wet) 49 0.68 1040 3662 0.34 0.45
Fat 5.6 0.042 888 2387 0.22 0.36
Muscle 57 0.8 1050 3639 0.56 0.45
Blood - - 1043 3825 - -
Tab. 1. Dielectric properties at 434 MHz [24], thermal proper-
ties for 37 oC [25], [22].
2.2 Simulation Setup
For the electromagnetic field simulation we placed ex-
tra air around the antenna and assigned all borders of the en-
tire model as scattering boundary conditions. To decrease
the amount of tetrahedral elements describing the applica-
tor geometry we modeled all metal parts as perfect electric
conductor (PEC) boundary conditions. The detailed infor-
mation about the grid settings for all objects are summa-
rized in Tab. 2. Inside the muscle layer we refined a region
of 100x100x28 mm3 with finer grid step (second values in
Tab. 2).
Model name Tetrahedral Maximum Maximal gro-
elements size (mm) wth rate (-)
Air 93 006 50 1.3
Teflon 5 652 5 1.3
Coaxial inner 1 550 1.5 -
Water applicator 34 586 10 1.2
Lucite 4 746 - -
Water bolus 20 097 10 1.2
Skin 19 844 - -
Fat 32 803 8 1.3
Muscle 60 467 25/8 1.3/1.2
Tab. 2. Grid settings for all objects present in model.
For all our analyzes in this study we normalized the incident
power Pinc (W) (power entering into the calculating domain)
to 1 W. That means we neglected the reflections caused by
non-perfect impedance matching. This normalization could
be useful for some sensitivity analyses where the applicator
impedance matching is changing - e.g. influence of fat layer
thickness on 3D SAR distribution. Pinc can be expressed as
follows
Pinc = P−Pre f = P
(
1−S112
)
(2)
where P (W) is input power, Pre f (W) is the reflected power
and S11 (−) is input voltage reflection coefficient. We cal-
culated power losses individually for all objects (including
absorption inside boundaries). The sum of all power losses
should be equal to Pinc (1 W for our case).
The computational domain of the thermal distribu-
tion simulations was reduced including the layered model
of biological tissue. Gaag et al. [22] found that
the influence of the water bolus with dimensions of
180x180x10 mm3 can be described with a heat transfer coef-
ficient h = 152 W m−2K−1. Because of this we used a similar
water bolus but with 20 mm thickness. We modeled the pres-
ence of the water bolus as a boundary condition with iden-
tical heat transfer coefficient and Texternal = 37 oC. All other
boundaries at the border of model and initial temperatures
of all objects at the beginning of the simulations were set to
37 oC. Influence of the water bolus temperature (Texternal)
was not an objective of this study.
2.3 Temperature Dependent Blood Perfusion
Several experiments have shown that the response of
vasculature system to heat stress is strongly temperature de-
pendent [20]. To describe the temperature dependence of
blood perfusion for fat and muscle tissue we followed ex-
pressions introduced by Lang et al. [19]. For the blood per-
fusion of skin we overlapped the curve from [20] by the sim-
ilar analytical expression as used for fat and muscle. To
clearly describe the differences among the tissues and to sep-
arate the constant and temperature dependent part of blood
perfusion we created a Scaling Function (SF). The value of
SF for every tissue in the model was normalized to the tem-
perature of 37 oC. Using this technique the blood perfusion
term in BHTE became SF cb W (T −Tb). SF for skin, fat and
muscle tissue can be expressed as follows
SFs(T ) =
{
1+9.2exp
(
− (T−44)210
)
T≤ 44 oC,
10.2 T > 44 oC,
(3)
SFf (T ) =
{
1+ exp
(
− (T−45)212
)
T≤ 45 oC,
2 T > 45 oC,
(4)
SFm(T ) =
{
1+7.9exp
(
− (T−45)212
)
T≤ 45 oC,
8.9 T > 45 oC.
(5)
A graphical representation of (3) – (5) is shown in Fig. 2.
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Fig. 2. Perfusion scaling factors for the layered model of biolog-
ical tissue.
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2.4 Studied Scenarios for Blood Perfusion
We studied one temperature dependent scenario and
three scenarios with constant blood perfusion scaled to ap-
propriate temperatures.
• scenario 1 - blood perfusion of skin, fat and muscle
were temperature dependent (the blood perfusion val-
ues were changed locally with respect to the actual tem-
perature),
• scenario 2 - all blood perfusion was treated as con-
stants and values were scaled to 43 oC of temperature
dependent behaviors,
• scenario 3 - this scenario was proposed by Kumaradas
et al. [26]. Because the skin layer was cooled by water
bolus, it was estimated to remain at a body tempera-
ture of 37 oC. Fat layer was assumed to reach the tem-
perature of 41 oC and the muscle was estimated to be
heated to target temperature of 43 oC. Constant blood
perfusion of the respective tissues was scaled to these
temperatures,
• scenario 4 - Lang et al. [19] used for calculation of
constant blood perfusion average values of all tissues in
the temperature interval of 37 – 43 oC. With respect to
(3) – (5) we calculated mean values for all SF (scaling
functions) and afterwards found corresponding temper-
atures used for scaling (skin – 41.18 oC, fat – 41.49 oC,
muscle – 41.49 oC).
All the studied scenarios are summarized in Tab. 3. Blood
perfusion for the first scenario is equal to the value for 37 oC
(e.g. Wskin = 0.45 kg m−3s−1, see Tab. 1) scaled with temper-
ature dependent SFS(T ). For the scenarios 2 – 4 we calculated
blood perfusion as e.g. for scenario no. 4
Wskin =Wskin(37oC) SFs(41.18) = 0.45 5.16 = 2.32
kg
m3 s
(6)
Scenario Wskin W f at Wmuscle
( kgm3 s ) (
kg
m3 s ) (
kg
m3 s )
1 0.45 SFs(T ) 0.36 SFf (T ) 0.45 SFm(T )
2 4.19 0.62 3
3 0.45 0.46 3
4 2.32 0.49 1.72
Tab. 3. Studied scenarios for blood perfusion.
As a reference for the evaluation, we used the model
with temperature dependent blood perfusion (scenario 1).
For this model we tuned input power to reach maximum
of 43 oC. Afterwards we applied identical power set-
tings for other 3 scenarios and compared their cumulative
temperature-volume histograms (similar to those used by
Gaag et al. [22]) in the region of interest (100x100x40 mm3).
Cumulative temperature-volume histograms clearly describe
the coverage of selected region (volume) with certain tem-
perature iso-surface. The region was defined by inner di-
mensions of the applicator aperture and depth of 4 cm from
the surface, which represents the maximal depth of the su-
perficial hyperthermia treatment at 434 MHz.
In the second step we tuned the input power for
the models with constant blood perfusion in order to reach
the maximum temperature of 43 oC and again for the men-
tioned region comparing cumulative temperature-volume
histograms. We also compared cross-sections for the X di-
rection and Y, Z directions (parallel to the applicator aper-
ture) in the depth, where the maximum temperature of 43 oC
was reached.
3. Results
3.1 Power Loses in Calculation Domain
From the 3D electromagnetic field distribution we cal-
culated power losses for every part of the model (Pinc was
normalized to 1 W using equation 2), see Tab. 4. 513 mW
(51.3 %) of the power entering the calculation domain was
absorbed inside the deionized water filling of the applica-
tor. The sum of the power losses inside the biological tissue
equivalent phantom was 0.370 W, representing the amount of
power used for thermal calculations. We considered the dif-
ference between the total losses in entire calculation domain
(0.985 W) and Pinc (1W) as the error of the electromagnetic
field calculation (0.015 W = 1.5 %).
Object Power loss Object Power loss
(mW) (mW)
Water applicator 513 Teflon 3.3
Lucite 45.6 Water bolus 21
Skin 49.6 Fat 29.9
Muscle 290.2 Boundary 32.5
Tab. 4. Power losses (mW) for normalization to 1 W of incident
power Pinc.
3.2 SAR Distribution
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Fig. 3. SAR distribution along central X axis of the applicator,
normalized to Pinc = 1 W.
The SAR distribution along the X axis normalized to
Pinc = 1 W is shown in Fig. 3. Maximum SAR = 1.83 W/kg
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was found at the surface of the skin layer. Absorp-
tion inside the fat layer was significantly lower (maximum
SAR = 0.1 W/kg) than in the other parts of the biological
tissue phantom.
3.3 Cumulative Temperature-Volume
Histograms
The power of 69.5 W was needed to reach thr maxi-
mum of 43 oC for the temperature dependent blood perfu-
sion model (scenario 1). Subsequently this power was also
used for the other three scenarios. Cumulative temperature-
volume histograms for all 4 scenarios are shown in Fig. 4.
Cumulative temperature-volume histograms evaluate tem-
perature distribution in the entire region of interest (in
our case 100x100x40 mm3). The highest temperature of
45.06 oC was obtained for scenario no. 4 which is caused
by lower blood perfusion for muscle layer. The differ-
ences for maximal achieved temperature between scenar-
ios 2 (42.44 oC) and 3 (42.71 oC) was 0.27 oC. Since these
scenarios differ in blood perfusion for skin and fat layer we
could expect the presence of an area with high temperature
inside or in close proximity of fat.
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Fig. 4. Cumulative temperature-volume histogram for all sce-
narios applied identical power of 69.5 W.
Next, we tuned the input power to reach the maximum
target temperature of 43 oC for every scenario. The corre-
sponding Pinc are listed in Tab. 5.
Scenario 1 2 3 4
Pinc (W) 69.5 77.1 72.7 61.3
Tab. 5. Power necessary to reach maximum 43 oC.
Using this comparison it can be clearly seen that all sce-
narios with constant blood perfusion have similar 3D tem-
perature distribution (maximal difference among scenarios 2
– 4 is within 0.1 oC) (see Fig. 5). Maximal temperature cov-
erage difference between the scenario 1 and scenarios 2 – 4
was 1.58 oC for 70 % of target volume.
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Fig. 5. Cumulative temperature-volume histogram, power
scaled to reach 43 oC.
3.4 3D Temperature Distributions
The 3D temperature distribution for scenario 1 is
shown in Fig. 6. Two planes perpendicular to the aperture
had a cross section under the center of the aperture along
the X axis where we expected the highest temperature (see
Fig. 7). The 2D cross-section parallel to applicator aperture
at the place where maximal temperature occurred (Fig. 8)
(X = 13 mm under the surface) is also shown in Fig. 6.
Fig. 6. 3D thermal profile for temperature dependent blood per-
fusion.
The positions of the maximum temperature points for
all investigated scenarios varied from 13 mm to 15 mm un-
der the phantom surface (see Fig. 7). Maximum tempera-
tures were found in the muscle tissue in close proximity (1 –
3 mm) of fat layer. This depth can be varied changing water
bolus temperature as introduced by Gaag et al. [22]. Inside
the muscle tissue a maximum difference of 0.6 oC was found
among the models with the constant blood perfusion (scenar-
ios 2 – 4). We found a difference up to 2 oC at 40 mm depth
between temperature dependent and constant blood perfu-
sion models (scenarios 1 and 3). Temperature behavior in
skin and fat was identical for scenarios 1 and 2.
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Fig. 8. 2D YZ temperature profile at depth of X = 13 mm for
temperature contours 40 oC and 42 oC.
Fig. 8 shows the 2D (YZ) profile at the depth of
X = 13 mm with temperature contours of 40 oC and 42 oC for
all four scenarios. For this cross-section, all constant blood
perfusion models have identical temperature distributions.
For the situation where maximum temperature of 43 oC
was reached, we computed areas (cm2) defined by temper-
ature contours (TC) of 39 oC, 40 oC, 41 oC and 42 oC
(Figs. 9, 10) as functions of depth under the surface. These
areas were calculated from the 2D temperature cross sec-
tions (YZ) parallel to the surface. The area in Y and Z direc-
tions was not limited by the inner dimensions of the aperture
(100x100 mm2) as it was in the cases of cumulative temper-
atures volume histograms. Depth in the X direction varied
in the range of 0 – 40 mm from the surface with a step of
1 mm.
Fig. 9 shows areas defined by temperature contours of
39 oC and 40 oC. Temperature dependent blood perfusion
model (scenario 1) had largest TC≥39 oC area of 193 cm2 at
the depth of X = 20 mm under the surface. For the constant
blood perfusion models (scenarios 2- 4) areas of TC≥39 oC
were 107 cm2 at the depth varied from 11 mm to 14 mm
under the surface. For the TC≥40 oC we reached almost two
times larger maximum area for the scenario 1 (136 cm2) in
comparison with scenarios 2 – 4 (72 cm2).
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Fig. 9. Area (cm2) defined with temperature contours of 39 oC
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Fig. 10. Area (cm2) defined with temperature contours of 41 oC
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3.5 Calculation Time
Calculations were done using a standard desktop com-
puter with Intel Pentium Core2Duo E8200 processor and
8GB of DDR2 (PC6400) RAM. We reached identical results
using GMRES (generalized minimum residual solver) with
geometric multigrid preconditier and direct PARADISO
(parallel sparse direct solver). Computation time for con-
stant perfusion models using direct PARADISO solver was
14 seconds and for GMRES 20 seconds. GMRES solver cal-
culated nonlinear perfusion model in 116 seconds versus 209
seconds for direct PARADISO. These calculation times were
in agreement with the assumption that direct PARADISO is
more suitable for linear problems and GMRES more for non-
linear calculations.
4. Discussion
We cannot match prediction of 3D temperature pro-
file for superficial hyperthermia using constant and tempera-
ture dependent blood perfusion. All scenarios with constant
blood perfusion had identical (maximal difference of 0.1 oC)
cumulative temperature-volume histograms for the models
where we reached the maximum temperature of 43 oC.
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Hence a different constant blood perfusion does not change
the relative 3D temperature distribution but only its abso-
lute values. Thus the only difference was in power required
to reach 43 oC which represents just a scaling factor and
has no influence on the spatial temperature distribution. For
the temperature dependent blood perfusion model 85 % of
the studied volume was covered in a temperature higher or
equal than 40 oC that in comparison with 43 % for constant
blood perfusion clearly describes the differences between
these scenarios (Fig. 5).
51.3 % of the power entering the calculation domain
was absorbed inside the deionized water filling of the appli-
cator which was 13.3 % higher than what Bruijne et al. found
using LCA [27]. This will influence the applicator efficiency
defined as a relationship between Pinc and the amount of
power absorbed inside the biological tissue equivalent phan-
tom. Low efficiency of the applicators will result in higher
requirements for the output power from microwave genera-
tors.
For all the studied scenarios the position of the max-
imum temperature remained in the muscle layer in close
proximity to the fat layer (13 – 15 mm under the surface)
which is in agreement with the results of Gaag et al. [22].
Gaag et al. used constant blood perfusion scaled to the av-
eraged values proposed by Lang et al. [19]. Modeling of
blood perfusion as temperature dependent quantity does not
change this position. Our findings verified the work of Gaag
et. al. [22] also for temperature dependent blood perfusion
model.
We selected the dimensions of the biological tissue
equivalent phantom model to be large enough to avoid in-
fluence of boundaries in thermal calculations. All bound-
aries inside the model were set to the temperature of 37 oC.
Such boundaries’ conditions could be counted as thermal
sources that could influence the resulting 3D temperature
distribution. To verify this assumption we also calculated
a model with thermal insulation boundary conditions, en-
suring that no temperature is removed from the calculation
domain. Since the maximum 3D temperature difference be-
tween these two models was 0.0048 oC we conclude that
boundary set at 37 oC had no influence on the temperature
profile inside the region of interest.
We modeled influence of the water bolus as
a boundary condition with a heat transfer coefficient
h = 152 W m−2K−1. This value was found by Gaag et. al
as the best agreement between simulated and measured data
for the single LCA. In our simulations this value was con-
stant along the area where water bolus was in contact with
the treated area so we expected homogeneous flow through
the entire volume of the water bolus. This assumption does
not need to be true especially at the corner of the water bolus.
Adequate study can be done to asses the flow inside the wa-
ter bolus with respect to the real configuration of the water
inflow and outflow [28].
5. Conclusion
The blood perfusion in temperature calculations for
superficial hyperthermia should be treated as a tempera-
ture dependent quantity. For the treatment planning based
on the prediction of temperature distribution it is essential
to validate temperature dependent blood perfusion model
with the clinical data. The knowledge of perfusion changes
during treatment due to the temperature enhancement is
very limited. If interstitial thermometry (invasive inside
catheters) is present during superficial treatment, the ther-
mal wash-out effect (after steady state is reached) can be
used as measure for the local blood perfusion [25]. These
values could be used for prediction of 3D temperature pro-
file with realistic blood perfusion values. The other possibil-
ities is to use magnetic resonance imagining (MRI) for 3D
temperature noninvasive measurement [29]. Afterwards, op-
timization of blood perfusion term and thermal conductivity
in BHTE could be used to match the predicted and the mea-
sured 3D temperature profiles. MRI can also be used for
direct measurement of the 3D perfusion profile [30]. Nev-
ertheless the usage of MRI in clinic cannot be included to
a standardized treatment procedure for its high cost and the
necessity to adapt treatment technique to use with MRI.
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